MicroRNAs (miRNAs) are small, noncoding RNA molecules that regulate gene expression at the posttranscriptional level. Originally identified in a variety of organisms ranging from plants to mammals, miRNAs have recently been identified in several viruses. Viral miRNAs may play a role in modulating both viral and host gene expression. Here, we report on the identification and characterization of 18 viral miRNAs from mouse fibroblasts lytically infected with the murine cytomegalovirus (MCMV). The MCMV miRNAs are expressed at early times of infection and are scattered in small clusters throughout the genome with up to four distinct miRNAs processed from a single transcript. No significant homologies to human CMV-encoded miRNAs were found. Remarkably, as soon as 24 h after infection, MCMV miRNAs constituted about 35% of the total miRNA pool, and at 72 h postinfection, this proportion was increased to more than 60%. However, despite the abundance of viral miRNAs during the early phase of infection, the expression of some MCMV miRNAs appeared to be regulated. Hence, for three miRNAs we observed polyuridylation of their 3 end, coupled to subsequent degradation. Individual knockout mutants of two of the most abundant MCMV miRNAs, miR-m01-4 and miR-M44-1, or a double knockout mutant of miRm21-1 and miR-M23-2, incurred no or only a very mild growth deficit in murine embryonic fibroblasts in vitro.
Among the numerous families of small RNA molecules implicated in RNA silencing pathways, microRNAs (miRNAs) are certainly the most studied in animal organisms. These ϳ22-nucleotide (nt) RNAs regulate gene expression at the posttranscriptional level in a wide range of organisms (23, 25, 26, 41) . miRNAs are involved in a variety of biological functions, including, but not limited to, temporal regulation, developmental and cellular differentiation, tumorigenesis, apoptosis, hormone secretion, and hematopoiesis (1, 4, 22, 54) . The biogenesis of miRNAs has been extensively reviewed in the literature (4, 10, 12, 15, 30, 45) . Briefly, a long primary transcript (pri-miRNA) is processed in the nucleus by the RNase III Drosha in a stem-loop structured pre-miRNA, which is exported to the cytoplasm and further matured by the RNase III Dicer to a small interfering RNA-like duplex. The singlestranded mature miRNA is then asymmetrically transferred into an Argonaute-containing miRNA effector complex, which can induce mRNA cleavage and/or translational inhibition.
While RNA silencing plays a major role in protecting insect and plant organisms against viral infection (50, 53) , DNA viruses infecting mammals appear to have evolved ways of using this pathway to their own advantage. Indeed, a number of mammalian viruses have been found to express miRNAs (37) . Since the initial discovery of miRNAs in the gammaherpesvirus Epstein-Barr virus (EBV) (38) , miRNAs have been found in Kaposi's sarcoma-associated herpesvirus (KSHV) (6, 36, 43) , murine herpesvirus 68 (36) , human cytomegalovirus (HCMV) (13, 16, 36) , herpes simplex virus type 1 (9, 18), Marek's disease virus (5, 55) , rhesus lymphocryptovirus (7), rhesus monkey rhadinovirus (44) , simian virus 40 (SV40) (47) , and human immunodeficiency virus type 1 (34) . Although the precise role of viral miRNAs is not known in many instances, they are believed to represent a general mechanism whereby viruses regulate expression of both their own genome and their host's genome during productive infection and/or latency. For instance, the SV40-encoded miR-S1 mediates cis cleavage of the large viral T-antigen transcript encoding the major viral regulator (47) , a process thought to facilitate evasion of the host immune response of the host. It has been proposed that herpes simplex virus type 1 miR-LAT could down-regulate in trans the accumulation of cellular TGF␤ and SMAD3 to reduce apoptosis (18) . Most of the viral miRNAs identified thus far have been found in human herpesviruses, and with the exception of murine herpesvirus 68, few miRNAs are known in viruses infecting small animal models, a prerequisite for the in vivo investigation of viral miRNA functions.
Herpesviruses are large DNA viruses, which upon primary infection establish lifelong, latent infections, leaving infected individuals at risk of subsequent reactivation and disease. Although HCMV is usually asymptomatic in healthy individuals, it is the major cause of morbidity in immunocompromised patients and allogeneic bone marrow or organ transplant recipients. It is also the leading agent of birth defects among congenitally transmitted infections. HCMV shows a long replication period of 48 to 72 h (32) such that HCMV faces several layers of innate and adaptive immune responses during primary infection and reactivation. Nonetheless, HCMV has evolved multiple mechanisms to thwart cellular defenses mounted by the host, and production of miRNAs represents an original example of such viral counterdefensive strategies, which does not require protein production. To date, a total of 11 miRNAs have been identified in HCMV (13, 16, 36) . As opposed to those of other viruses, such as EBV and KSHV encoding clustered miRNAs, HCMV miRNAs are spread along the genome. Recently, it was shown that one of the HCMV miRNAs (miR-UL112-1) targets MIC-B, a stress-induced ligand of the natural killer (NK) cell-activating receptor NKG2D, which is critical for NK cell killing of virus-infected cells (46) . Mouse infection with the murine CMV (MCMV) is the animal model of choice to study the biology of CMV infection in vivo (19, 20) . Here we report on the identification and characterization of 18 miRNAs expressed by the MCMV during lytic infection of mouse NIH 3T3 fibroblasts. Using small RNA cloning and sequencing, as well as Northern blotting and nuclease protection assays, we define their kinetics of expression in primary infection both in vitro and in vivo. We show that some of these miRNAs are posttranscriptionally regulated. We report on the generation of miRNA deletion mutants for four MCMV miRNAs. By showing that virus replication of none of the mutants is grossly affected in fibroblasts, and thus are unlikely to contain secondary mutations, we lay the basis for their functional characterization in further studies in vivo.
MATERIALS AND METHODS
Cell lines and viruses. BALB/c murine embryonic fibroblasts (MEFs), M2-10B4 bone marrow stroma cells (CRL-1972; ATCC), and NIH 3T3 fibroblasts (CRL-1658; ATCC) were prepared and treated as described previously (31) . Wild-type and mutant MCMVs derived from the Smith strain were reconstituted by transfection of the respective bacterial artificial chromosome (BAC) DNA into MEFs using Superfect transfection reagent (Qiagen) according to the manufacturer's instructions. All virus stocks were prepared on M2-10B4 cells as described previously, and virus titers were determined on MEFs by the standard plaque assay (40) . Growth of viruses on MEFs was characterized in multistep growth conditions. Approximately 1 ϫ 10 5 to 2 ϫ 10 5 cells were infected at a multiplicity of infection (MOI) of 0.1 in 24-well plates. After 1 hour of incubation at 37°C, the virus inoculum was removed, cells were washed with phosphatebuffered saline, and fresh cell growth medium was added. Supernatants were harvested daily over a 6-day period, and virus production was quantified on MEFs by plaque assays (40) .
MCMV infection of mice. Female 12-week-old BALB/c mice were purchased from Harlan-Winkelmann (Borchen, Germany), infected at 12 to 13 weeks of age, and kept under specific-pathogen-free conditions throughout. Mice were infected intravenously (i.v.) with either 1 ϫ 10 6 (for virus titrations) or 5 ϫ 10 6 PFU (for miRNA detection by nuclease protection assays) of tissue culturederived MCMV diluted in a total volume of 200 l. Mice were killed at day 1, 3, 5, and 7 postinfection, and their livers, lungs, and spleens were taken. Titers of infectious virus were determined by titrating organ homogenates using centrifugal enhancement (30 min at 800 ϫ g) and the standard plaque assay. RNA preparation and Northern blotting. NIH 3T3 fibroblasts were infected at an MOI of 10 using centrifugal enhancement (30 min at 800 ϫ g). Total cellular RNA was prepared from cells 4 to 72 h postinfection (hpi) or from mouse tissues using TRIzol reagent (Invitrogen) following the manufacturer's instructions. In order to characterize the kinetics of viral miRNA expression, RNA was prepared from cells infected and cultured in the presence of either cycloheximide (50 g/ml), which blocks de novo protein synthesis, or foscarnet (phosphonoacetic acid [PAA]) (300 g/ml), which blocks DNA replication (11) . Alternatively, small RNAs were prepared directly from mouse liver tissue using Ambion miRvana purification kit for short RNA according to the manufacturer's instructions.
Northern blot analysis was performed as described previously (38) loading 10 g of total RNA per lane and using 5Ј 32 P-radiolabeled oligodeoxynucleotides complementary to the miRNA sequence or to part of the U6 snRNA sequence as probes. Blots were analyzed and quantified by phosphorimaging using an FLA7000 scanner from Fuji.
Small RNA cloning. Small RNA cloning was performed as described previously (35, 36) using 100 g of total RNA per library. Sequences were annotated as described previously (36) Nuclease protection assays. Synthetic DNA probes complementary to MCMV miR-m01-4 or miR-M44-1 and with nonspecific 3Ј overhangs (5Ј-ACGCGCAC GTGTTAGCATAGGATCTTCTT 3Ј and 5Ј-CCGCGGCTCTGGAAAAAGA TACGATCGGAGCTCTTCTT 3Ј, respectively [nonspecific overhang underlined]) were 5Ј end labeled using polynucleotide kinase (New England Biolabs). Total RNA (miR-m01-4) or the small RNA fraction purified using the Ambion miRvana kit (miR-M44-1) from the liver, lung, or spleen was hybridized in solution to the miRNA-specific probe in the presence of 45% formamide (miRm01-4) or without formamide (miR-M44-1). After denaturation at 92°C for 2 min, the samples were incubated for an additional 2 h at room temperature. The hybridization conditions allowed detection of the mature microRNA, not premicroRNA. Following treatment with S1 nuclease (GE Healthcare) at 37°C, samples were loaded on a denaturing 10% acrylamide gel. Gels were exposed to a phosphorimager screen and analyzed on a Typhoon 9200 instrument (GE Healthcare).
Detection and quantification of m01 and IE1 transcripts by quantitative real-time PCR. Quantitative real-time PCRs were established for Light Cycler (Roche Molecular Biochemicals) to quantify m01 and IE1 gene expression. Each reaction was carried out using 5 l of cDNA (corresponding to 50 ng RNA) and 15-l reaction mixtures consisting of Light Cycler Fast Start, DNA Master Plus SYBR green I, and 0.5 M of each primer. PCR mixtures were subjected to 10 min of 95°C hot start enzyme activation, and 45 cycles of 95°C denaturation for 10 s, 58°C annealing for 3 s, and 72°C elongation for 10 s, including subsequent melting curve analysis. Oligonucleotide primers used for amplification of the IE1 gene were as described previously (49) . Three sets of primers were chosen and tested for amplification of the m01 gene, including the following: m01-for1, GCTACCCAGACTCACCGCTGAGAGA; m01-rev1, AGGCAACAGTCGCT TCACCGCT; m01-for2, CGCCTGAGTCAGCCTCCGG; m01-rev2, GCTTCA CACGCTGGCGGG; m01-for3, GCAACGTACCCGCAAGTCGATC; and m01-rev3, GTGACAACAGCCTACTTGGGTGGG.
NIH 3T3 cells were infected with BAC-derived wild-type MCMV or its miRm01-4 deletion mutant at an MOI of 10. RNA was extracted from infected cells at 24, 48, and 72 hpi and from uninfected cells as a control. Two micrograms of RNA was treated with DNase I (Invitrogen) for 15 min. RNA was recovered using RNeasy MinElute Spin columns (Qiagen). cDNA synthesis was performed using Superscript III with oligo(dT) primers (both from Invitrogen) following the manufacturer's instructions. cDNA samples were tested in four replicate samples for m01 and IE1 expression.
Construction of MCMV miRNA deletion mutants. For construction of miRNA mutant MCMV genomes, we used homologous recombination of linear PCR fragments with the MCMV BAC plasmid pSM3fr (52) in Escherichia coli as described elsewhere (51) . Linear fragments were generated by PCR with plasmid pCP15 (8) , which contains a kanamycin resistance gene located in between two FLP recombinase recognition target (FRT) sites. The following contiguous primers were used: H5-miR-m01-4-ko, AACGCTCGTTTTCTG AGTCGTTTTTGCGCTAGAACGCATATCGGGGGAGTCCAGGGTTTT CCC; H3-miR-m01-4-ko, GCGCGCGGCCCGGAGGCTGACTCAGGCGA GCGCGCGTCTGCTTCCGGCTCGTATGTTGTGTGG; H5-miR-M23-2-ko, AGATAGACAGACAGGCTCAGTCTCATACCGTCGGCCATCCTCG GGGGAGTCCAGGGTTTTCCC; H3-miR-M23-2-ko, TCCCGGTTTCTTT GTCCGACGCTCGTCGATCGAGGCGCTACTTCCGGCTCGTATGTTG TGTGG; H5-miR-M44-ko, CTCGATGCTGTCAGTTATCTGTTGTATAC GATTGCCGGCGTCGGGGGAGTCCAGGGTTTTCCC; and H3-miR-M44-ko, AAACGCCGATCGACGTACGTCTGTGTTATATGCCGCCGTG CTTCCGGCTCGTATGTTGTGTGG). The homologies targeting the sequences directly flanking the pre-miRNA regions are underlined. After insertion into the MCMV genome by homologous recombination, the kanamycin resistance cassette was excised as described previously (8), thereby replacing the pre-miRNA sequences with 276 nt of pCP15 containing a single FRT site.
RESULTS
Small RNA cloning from MCMV-infected cells. In order to identify miRNAs encoded by MCMV, we generated small RNA libraries from NIH 3T3 mouse fibroblasts lytically infected by the Smith strain (14) of MCMV for 24, 48, and 72 h and from noninfected cells as controls. To obtain a comprehensive picture of the corresponding small RNA profiles, between 1,600 and 2,000 small RNA clones per library were sequenced. Most of the sequences (around 90% in average) were represented by miRNAs due to the use of a cloning protocol designed to enrich the library for sequences with a 5Ј phosphate (35, 36) (Table 1 ). In addition, and in contrast to previous observations (36) , there was no significant accumulation of random degradation products from longer RNAs, compared to the reference library from noninfected cells, even though the cells were lytically infected for up to 72 h. Throughout the time course of infection, the ratio of sequences originating from the virus rose steadily from 32% of total sequences at 24 hpi to 56% at 72 hpi. The vast majority of these viral sequences was found to correspond to viral miRNAs, and only 0.3% were cloned only once and could not be bioinformatically assigned to a stem-loop precursor. Compared to the overall pool of miRNAs (i.e., cellular plus viral), the contribution of viral miRNAs was highly significant. Viral miRNAs represented 35% of all (cellular plus viral) miRNAs at 24 hpi, 53% at 48 hpi, and 61% at 72 hpi.
Identification of 18 MCMV-encoded miRNAs. In order to identify MCMV-encoded miRNAs, we analyzed all sequences matching the viral genome, which were cloned multiple times, and that mapped at a location adjacent to an approximately 30-nt-long, highly complementary sequence defining a putative pre-miRNA position. Folding of the surrounding 60 to 130 nt with mFold (56) was used to confirm the presence of a potential stem-loop precursor structure (Fig. 1A) . In some cases, the existence of the putative double-stranded RNA precursor was confirmed by cloning small RNAs from both arms of the predicted pre-miRNA, either in the form of the nonfunctional star sequence, or because the small RNAs from both arms accumulated to similar levels ( Table 2 and Fig. 1A ). We identified a total of 27 different viral small RNA sequences that could be assigned to 18 distinct pre-miRNAs ( Table 2) . We have named these miRNAs according to their genomic location in accordance with previously used nomenclature (36, 38) . The sequences are spread across the entire viral genome and are expressed either as individual or clustered miRNAs. Nine miRNAs are present in the 3Ј untranslated regions (3Ј-UTRs), seven are in the coding sequences of predicted genes (m01, M55, M87, M88, m107, and m108), and two miRNAs are located 5Ј of a predicted open reading frame (ORF) (m01 and M95). While pre-miR-M95 ends only 14 nt upstream of the M95 ORF, pre-miR-m01-1 is located more than 1,100 nt upstream of the predicted m01 coding sequence and of premiR-m01-2.
Some miRNAs were more abundant than others. Thus, miR-m01-4 represented on average 40% of all viral miRNAs. The next most abundant miRNAs were miR-M23-2, miRm21-1, and miR-M44-1, which accounted, respectively, for 22%, 12%, and 5% of all viral miRNAs. Intriguingly, we noted that in three cases, miRNAs were expressed from both genomic strands of the same genomic locus. miR-m21-1 is expressed from the plus strand at position 23515-23535, and miR-M23-2* is expressed from the minus strand at position 23509 to 23530. Consequently, the two miRNAs are perfectly complementary over 16 nt. The same is true for miR-m22-1 and miR-M23-1-5p, respectively, matching the plus and minus strand, and shifted by 4 nt (see below). Additionally, miRm107-1 is expressed from the plus strand at a position opposite that of miR-m108-2-3p, shifted by only 1 nt (Table 2) . Strand complementarity does not seem to interfere with the accumulation of these miRNAs, as they were cloned multiple times and could be readily detected by Northern blot analysis. We also noted for miR-m108-1-3p that two positions were mutated from A to G compared to the genomic sequence ( Table 2 and Fig. 1) . Sequencing of the BAC revealed that these mutations are present on the genomic DNA and thus do not represent editing of the pre-miRNA (data not shown).
To validate the expression of MCMV miRNAs in infected cells, we carried out Northern blot analysis of RNA extracted from NIH 3T3 cells, either noninfected or infected for 4, 14, or 26 h. We could confirm the expression of all cloned sequences, except for miR-m59-2, miR-M95-1, and miR-m108-1, for which we did not perform Northern blotting. Figure 1B shows the results obtained for 12 out of the 18 MCMV miRNAs. Kinetics of MCMV miRNA expression. To obtain insight into the kinetics of MCMV miRNA expression during infection, we carried out Northern blot analysis of RNA extracted from cells infected from 4 hpi up to 72 hpi. We also analyzed RNA from cells treated with the protein synthesis inhibitor cycloheximide or the DNA replication inhibitor foscarnet (PAA), sampled at 24 hpi (Fig. 2) . With the exception of miR-m01-1 (for which the mature form was hardly detectable, despite it being cloned numerous times), both the pre-miRNA and the mature miRNA could be detected by Northern blotting for all analyzed sequences. Except for miR-M55-1 and miR-m108-2-5p, all of the viral miRNAs became detectable between 4 and 14 hpi (Fig. 1B and Fig. 2 ), indicating immediate-early or early expression kinetics, upon which accumulation of mature miRNAs rose steadily over time. In cells treated with cycloheximide, mature miRNAs accumulated below the detection level, consistent with early expression kinetics. However, in some cases, the corresponding pre-miRNAs were still detectable (miR-m01-2, miR-m59-1, miR-M23-2, and miR-M44-1), indicating immediate-early kinetics. Consistent with these data, foscarnet treatment either did not impair expression of MCMV miRNAs at all or only slightly reduced it (miR-m01-4, miR-m01-2, miR-m01-3, miR-m21-1, and miR-m59-1).
Two MCMV miRNAs, namely, miR-M23-1-5p and -3p, showed a feature distinct from all the others. miR-M23-1-5p and -3p miRNAs were cloned 35 and 30 times, respectively, at 24 hpi, but the number of clones dropped dramatically by 48 and 72 hpi ( Table 2) . As indicated earlier, these miRNAs are expressed from a position opposite another miRNA, miRm22-1 (Fig. 3A) . We monitored the accumulation of these two miRNAs by Northern blot analysis and, surprisingly, detected a 5p, 5Ј arm of the hairpin precursor; 3p, 3Ј arm of the hairpin precursor. Nonfunctional star sequences are indicated by an asterisk at the end of the miRNA name. b The predominantly cloned sequence is shown if the miRNA was cloned more than five times. For less frequently cloned miRNAs, the 22-nt form is shown. Nucleotides in parentheses are distinct from those in the available genomic sequence.
c miRNAs that could be derived from the same clusters are shown. Probable clusters were arbitrarily assigned different letters (e.g., miR-m01-1, miR-m01-2, miR-m01-2*, miR-m01-3, miR-m01-3*, miR-m01-4, and miR-m01-4* could be derived from the same cluster).
d Positions are given relative to the published genomic sequence of MCMV Smith strain (GenBank accession no. NC_004065). The orientation is given after the genomic position as follows: Ϫ, minus strand; ϩ, plus strand.
e The number of times a miRNA was cloned from cells infected with MCMV at 24, 48, and 72 hpi.
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a ladder of low-molecular-weight RNA species increasing in size over time from 24 hpi to 72 hpi (Fig. 3B) . The accumulation of pre-miRNA was either unchanged (miR-M23-1-5p) or increased slightly over time (miR-M23-1-3p). When analyzing the sequences representing miR-M23-1-5p, we could detect several clones showing a nontemplated addition of one or two uridines at the 3Ј end of the small RNA (Fig. 3C) . Therefore, these two miRNAs appear to be 3Ј polyuridylated.
Detection of MCMV miRNAs in vivo.
In order to get closer to natural infection conditions, we aimed at detecting MCMV miRNAs during in vivo infection. We infected BALB/c mice i.v. with 5 ϫ 10 6 PFU wild-type MCMV and extracted RNA from the liver, lung, and spleen at 3 and 5 days postinfection.
Using a nuclease protection assay, we could detect the accumulation of miR-m01-4 in all of these organs and the accumulation of miR-M44-1 in the liver (Fig. 4A) . While miR-m01-4 expression levels increased in the lung from day 3 to day 5 postinfection, the opposite was observed for the liver and spleen. Similarly, miR-M44-1 expression decreased from day 3 to day 5 in the liver. The same kinetics were seen for virus titers in these organs, as determined by titration assay in a separate experiment (Fig. 4B) , indicating that miRNA accumulation parallels the production of infectious virus in vivo.
Generation and characterization of miRNA deletion mutants for miR-m01-4, miR-M23-2/m21-1, and miR-M44-1 in vitro. The m01 gene encodes a cluster of four distinct miRNAs. Interestingly, miR-m01-1 is located almost 1,200 nt upstream of the predicted m01 coding region. While miR-m01-2 and miR-m01-3 are both located within the predicted m01 ORF, miR-m01-4 is located about 100 nt downstream of pre-miRm01-3 in the 3Ј-UTR of the m01 transcript. According to our cloning and sequencing data, miR-m01-4 contributes to about 40% of all viral miRNA produced throughout lytic infection of NIH 3T3 fibroblasts. To assess the importance of miR-m01-4 for viral replication in fibroblasts, we created a deletion mutant of miR-m01-4 using BAC technology, replacing the premiRNA coding sequence with a 276-nt insert derived from pCP15 (see Materials and Methods). The knockout deletion was confirmed by sequencing, and the integrity of the overall genomic sequence of the mutant MCMV BAC was tested by analysis of several restriction patterns (data not shown). The mutant BAC was then reconstituted into virus by transfection of MEFs. To test whether the deletion of the pre-miR-m01-4 coding sequence indeed resulted in the specific loss of miR- sulted in a specific 2-to 2.7-fold increase in miR-m01-3 levels at 24 and 48 hpi, possibly caused by more efficient processing of the miR-m01-4-proximal pre-miR-m01-3 in the absence of pre-miR-m01-4 (Fig. 5B) . Additional knockout mutants for miR-M23-2/m21-1 and miR-M44-1 were created and validated as described above for miR-m01-4 (Fig. 5A) . In addition to the knockout of miR-M23-2, this deletion mutant also lacks miR-m21-1, as the two miRNAs are expressed from opposing strands from the same genomic locus. All of these miRNAs are located in the 3Ј-UTR of the corresponding transcripts and show no overlap with other predicted MCMV transcripts. Thus, their knockout did not directly interfere with any predicted MCMV open reading frame. No attenuation was observed during the propagation of all three deletion viruses on M2-10B4 cells. While the miRm01-4 deletion mutant replicated to levels similar to those of wild-type virus even under multistep growth conditions on MEFs, the other two mutants showed very mild attenuation (two-to fivefold decreases) (Fig. 5C ), which may be due to secondary effects on the M23 and M44 loci. In a consecutive study, revertants of these three mutants will be created to identify and characterize the functions of these viral miRNAs in vitro and in vivo.
In a previous study, the m01 transcript was not detectable by microarray analysis and hardly detectable by PCR (48) . In order to test whether this was due to very low m01 transcript levels caused by efficient turnover of m01 transcripts into miRNAs or problems associated with the detection of the m01 transcript, we established a quantitative real-time PCR for m01 and IE1 (to normalize for viral gene expression). In total, we had to test three pairs of PCR primers for efficient amplification of small parts of the m01 locus. The first two sets of primers, both located within the m01 ORF either in between pre-miR-m01-2 and pre-miR-m01-3 or pre-miR-m01-3 and pre-miR-m01-4, did not allow efficient target amplification on BAC DNA. At least 1,000-fold-higher concentrations of BAC DNA were required to achieve detection levels similar to those for IE1. In the presence of 5% dimethyl sulfoxide, a small increase in PCR efficiency was observed, indicating that low PCR efficiency was due to the formation of secondary structures by pre-miRNA folding (data not shown). The third set of primers (m01-for3 and m01-rev3) located just 5Ј of the predicted m01 ORF allowed efficient and specific target amplification. Standard curves for m01 and IE1 were prepared using BAC DNA (data not shown) for relative quantification of the corresponding transcripts.
RNA was prepared from NIH 3T3 cells infected with wildtype virus or its miR-m01-4 deletion mutant (MOI of 10) for 24, 48, and 72 h. Following RNA extraction and DNase I digestion, cDNA synthesis was carried out using oligo(dT) primers. In order to exclude detection of viral genomes instead of m01 and IE1 cDNA, a second reverse transcription assay was carried out in parallel without adding reverse transcriptase to the reaction mix. These samples showed a Ͼ100-fold-lower concentration of PCR targets than those for the cDNA samples. In addition, no specific signals were obtained when analyzing cDNA prepared from uninfected cells (data not shown). Thus, the specificity of viral IE1 and m01 cDNA detection was confirmed. Interestingly, relative quantification of m01 to IE1 transcripts revealed very similar, high expression levels for m01 and IE1 at 24, 48, and 72 hpi, indicating that a substantial amount of m01 transcripts was not utilized for miRNA synthesis. At 24 and 48 hpi, m01 transcript levels were found to be slightly higher for the miR-m01-4 deletion mutant than for wild-type virus. Thus, deletion of the most abundant viral miRNA leads to a very small increase in m01 transcript levels (Fig. 5D ). This effect was reversed at 72 hpi.
DISCUSSION
In this study, we identified 27 small RNAs expressed from discrete foci scattered throughout the MCMV genome. There is strong evidence that these RNAs are bona fide miRNAs encoded by MCMV. First, all RNAs were cloned from pools of small RNAs isolated and fractionated from cells infected by MCMV (Table 1) . Second, the genomic regions directly surrounding all cloned small RNAs were found to fold into typical short hairpin structures by in silico analysis (Fig. 1A) . Third, all mature miRNAs and, in most cases, their predicted premiRNAs were detected by Northern blotting exclusively in MCMV-infected cells ( Fig. 1B and 2 ). Finally, for some miRNAs, both arms of the predicted pre-miRNAs were cloned. MCMV miRNAs accumulate to very high levels, increasing over time throughout fibroblast infection. At late infection time points, MCMV miRNAs become even more abundant than some of the most abundant host miRNAs, suggesting that they might well eventually outcompete cellular miRNAs. In adenovirus-infected cells, the virus-associated RNAs, which are expressed and accumulate at extremely high levels, saturate the export and processing machinery of cellular miRNAs (2, 3) . Similarly, expression of viral miRNAs in lytic MCMV infection stages might perturb, at least to some extent, some of the fine-tuned regulation orchestrated by cellular miRNAs.
The mature form of a number of MCMV miRNAs was already detectable at 4 to 8 hpi, indicating that they are expressed with early or even immediate-early kinetics (Fig. 2) . Nonetheless, mature MCMV miRNAs were not detectable in cells treated with cycloheximide for 24 h, indicating that de novo synthesis of viral proteins is likely required for their production. However, for a number of miRNAs, specific signals with sizes very similar to those of the predicted premiRNAs were detectable by Northern blotting in cycloheximidetreated cells, which is consistent with immediate-early expression of these pre-miRNAs. A similar observation was made for HCMV miRNA miR-UL36-1 (16), but not for any other HCMV miRNA. Both the HCMV UL36 transcript and the UL36 pre-miRNA are expressed with immediate-early kinetics. Similar to our observation, the mature miR-UL36-1 is not detectable in cycloheximide-treated cells, whereas the premiRNA accumulated to levels higher than those in nontreated cells. Thus, our results extend this initial observation to other viral miRNAs. Grey et al. (16) suggested that prolonged cycloheximide treatment could deplete the cells of factors required for processing of mature miRNAs, such as Dicer. Our results are in favor of this hypothesis, as we noticed a reduction in the levels of some cellular mature miRNAs in cycloheximidetreated cells (data not shown). However, this cannot explain the accumulation of viral pre-miRNAs, as they also require processing by the cellular factor Drosha. This contradiction might be explained by the fact that the half-life of the Drosha- Interestingly, not all miRNAs encoded by MCMV followed the same pattern of accumulation. Indeed, the accumulation of both arms of miR-M23-1 was inversely correlated to that of all other miRNAs. We observed that the cloning frequency of miR-M23-1-5p and -3p dropped significantly from 24 to 72 hpi and that both sequences seemed to undergo 3Ј polyuridylation ( Fig. 3B and C) . Additionally, three other miRNAs, miRm21-1, miR-m22-1, and miR-M23-2, showed the addition of one extra U at their 3Ј end ( Table 2 ). The addition of nontemplated adenosine and uridine has been also reported for some cellular miRNAs, although to a more moderate extent (24) . In plants, miRNAs are known to be protected at their 3Ј end by a methyl group added by the methyltransferase HEN1 (27) . HEN1 homologues have been identified in mouse and Drosophila (21, 42) , but they act on Piwi-interacting RNAs, not miRNAs. In Arabidopsis hen1 mutants, miRNAs are not protected and undergo polyuridylation followed by degradation. Similarly, we hypothesize that the polyuridylation of miR-M23-1-5p and -3p might constitute a prerequisite for their subsequent degradation, which would readily explain the reduction in clone numbers in the libraries over time. At present, it is unclear whether this process reflects a deliberate viral strategy, for instance, to fine-tune the accumulation of some of its miRNAs, or whether it represents a host-directed defense response targeted at pathogenic small RNAs. Nonetheless, this finding might shed light on a novel mechanism whereby miRNAs accumulation might be controlled in animal cells.
About 40% of all clones from the MCMV miRNA library represented a single miRNA, miR-m01-4, which is derived from a pre-miRNA located in the 3Ј-UTR of the m01 transcript. Additionally, miR-m01-4 accumulates to detectable levels in vivo (Fig. 4) . To test whether this miRNA is dispensable for viral growth in fibroblasts, we created a knockout MCMV mutant for miR-m01-4. Despite the high abundance of miRm01-4 in lytically infected fibroblasts, the deletion mutant grew as the wild-type virus did, even under multistep growth conditions. Previously, we created a deletion mutant involving the predicted coding regions of m01 to m16, thereby also deleting miR-m01-1, miR-m01-2, and miR-m01-3, but not miR-m01-4 (M. Popa and Z. Ruzsics, unpublished data). This virus also grew like wild-type virus on MEFs. Together with the results we obtained with the miR-m01-4 mutant, this indicates that, despite their abundance, all four miRNAs derived from the m01 transcript are dispensable for efficient MCMV replication in fibroblasts in vitro.
In a recent study, the m01 transcript was hardly detectable by microarray and reverse transcription-PCR analysis (48) , and a protein product corresponding to the m01 ORF has not been identified yet. We found four pre-miRNAs to be expressed from the m01 locus with three of them (miR-m01-2, -3, and -4) clustering within 450 bp, thereby significantly interfering with the detection of the m01 transcript by PCR. Using PCR primers located just 5Ј of pre-miR-m01-2, we were able to detect high levels of m01 transcripts comparable to those of IE1 at 24, 48, and 72 hpi (Fig. 5D) . Thus, we cannot exclude the possibility that m01 may exert functions other than solely encoding for viral miRNAs. However, the high abundance of miRm01-4, miR-m01-2, and miR-m01-3 in MCMV-infected NIH 3T3 fibroblasts (together they contribute almost 50% of clones in our miRNA libraries) indicates that a large number of these transcripts are utilized for miRNA synthesis. This is reminiscent of observations made with other viruses, e.g., the BART transcript of EBV or the intronic cluster of miRNAs in KSHV (36, 38) . The observation that the m01 transcript is so abundant in infected cells supports the finding that miR-m01-4 and the other m01-derived miRNAs were cloned so often. However, it raises the intriguing possibility that some viral miRNAs are processed nonspecifically, similar to the observation made with adenovirus virus-associated RNAs (3, 29) . Thus, there could be some miRNAs expressed from the viral genome that are of little use to the virus, and some that may be more ancient and confer a significant advantage. This is illustrated by the fact that in EBV, the strain B95.8 is deleted of a large number of miRNAs (17) without being especially affected compared to a nondeleted strain. The analysis of the phenotype of our deletion mutants in vivo will help sort out the functionally important miRNAs from the others.
Two additional deletion mutants were generated and characterized in vitro; one mutant was deleted of both miR-M23-2 and miR-m21-1, due to their genomic location, and the other was deleted of miR-M44-1. Although we confirmed that these mutants readily lacked expression of the aforementioned miRNAs (Fig. 5A) , their replication phenotype was not clearly affected (Fig. 5C) . A slight reduction in virus titers could be observed, but we cannot rule out the possibility that this is due to perturbation of expression of the neighboring genes. The absence of a phenotype in fibroblasts in vitro does not preclude a function in vivo, as MCMV infects a number of different cell types and encounters an array of antiviral defense mechanisms. For instance, mutation of the SV40 miR-S1 had no effect on single-step virus growth but had important implications in enhancing the recognition of infected cells by cytotoxic T cells because early gene transcripts are normally rapidly cleared by the action of miR-S1 (47) . Likewise, genes located in the vicinity of m01 (m02, m04, and m06) have all been implicated in interfering with the host immune response in vivo. Therefore, the biological function of this and the other MCMV miRNAs requires additional studies that should include immune response analyses. Interestingly, we observed a strong correlation of viral miRNA expression and titers of infectious virus in the livers, lungs, and spleens of infected animals at 3 and 5 days postinfection (Fig. 4) . Thereby, we provide the first evidence that miRNA expression is also an important feature of productive viral infection in vivo, and the use of the mutants that we generated will prove useful to assess their role.
Few MCMV miRNAs are located in transcripts with a welldefined function. The only genes that have an assigned role are M44, which encodes a DNA binding protein, a cofactor of DNA polymerase (28) ; and M55, which encodes glycoprotein B (39). M23 is a member of the US22 family, but its precise function is unknown (31) . In addition, none of the miRNAs identified here show significant conservation with HCMV miRNAs (16, 36) , which might be explained by the fact that the two viruses are evolutionary distant. More puzzling, however, is the fact that, with one exception, their genomic localization is very different in the two viruses. Indeed, only miRNAs in the M23 region are in a region similar to HCMV miR-UL22A-1 (36) . This observation agrees with previous findings that viral miRNAs are often localized in fast-evolving regions of the genome (33) . The lack of conservation between sequence and location of the various miRNAs in cytomegaloviruses strongly suggests that host rather than viral genome regulatory purposes primarily drive herpesvirus miRNA evolution and function.
